Introduction
The region known as the tropical Maritime Continent encompasses the islands of Indonesia and the surrounding warm-pool ocean (Ramage 1968) . The warm pool of the Maritime Continent and the tropical Pacific Ocean pool are both important sources of atmospheric convective activity within this region. The annual atmospheric circulation over the Maritime Continent is influenced by the Asian and Australian monsoon, which is governed by the large-scale land-ocean temperature gradient. Higher precipitation during winter is associated with the Asian monsoon (December-February), which is characterized by eastward winds from the Indian Ocean and southward winds from Asia (Yasunari 1981) . Both the amount and the spatial distribution of winter precipitation show high interannual variation that is generated by the anomaly of the tropical Pacific Ocean air-sea heat exchange related to the El Niño-Southern Oscillation (ENSO) (Bjerknes 1969; Cane and Zebiak 1985; Hendon 2003; Yanto et al. 2016; Lestari et al. 2016; Hidayat et al. 2016; Zhang et al. 2016) . For instance, warmer sea-surface temperatures (SSTs) over the eastern Pacific Ocean during El Niño events encourage convective activity to shift eastward. This creates drought conditions over the Maritime Continent that sometimes result in wildfires in Indonesian forests (Harger 1995) . Conversely, several heavy precipitation events have been recorded as being amplified by La Niña and also affected by local diurnal cycles, which can result in serious flooding of some Indonesian cities (see e.g., Yamanaka 2016) .
Several studies have examined the indirect forcing of ENSO on precipitation during the Asian-Australian monsoon. Lau and Nath (2000) reported that the atmospheric circulation during ENSO results in a connection of the air-sea system over the Indian Ocean by an "atmospheric bridge". Wu and Kirtman (2004) also demonstrated that coupling of SST over the Pacific and Indian oceans could result in different ranges and frequencies of SST variation in the following season. It is possible that airsea interactions over the Indian Ocean amplify the effects of ENSO over the Maritime Continent. The Maritime Continent also has an important role in global climate. For instance, enhanced heating of the Maritime Continent will affect the winter circulation and surface temperatures across North America and northeastern Eurasia (Neale and Slingo 2003) . Thus, studying the effects of ENSO events on atmosphere Keywords stable isotope; El Niño Southern Oscillation; moisture transport analysis This study examined the relationship between El Niño-Southern Oscillation (ENSO) and atmospheric water isotopes during the wet season over the Maritime Continent. The model data used were obtained by incorporating stable isotopes into atmospheric general circulation and analytical moisture transport models. These models were used to analyze the climatological variables and rainout processes from various water sources that control isotopic variation. The correlation between the simulated stable isotope ratios and ENSO varied between −0.31 and 0.75 with stronger correlation over most of the Maritime Continent (|r|> 0.36, corresponding to the 95 % significance level) except Java. In general, during La Niña years, the isotopic ratio in water vapor and precipitation is smaller than that during El Niño years by approximately 2 ‰. It was suggested that anomalous water vapor flux, precipitable water, and precipitation, but not evaporation, are responsible for isotopic variation. Furthermore, it was revealed that water vapor flux is convergent (divergent) during La Niña (El Niño) years, which suggests that the strengthened (weakened) Walker Circulation increases (reduces) precipitation, resulting in lighter (heavier) atmospheric water isotopes. The relationship between isotopes and precipitation, or the so-called "amount effect", is evident over most of the Maritime Continent. Analysis of moisture transport suggested that rainout processes control isotopic variation. An increase in the quantity of water source, expressed in precipitable water, transported from the north and south Maritime Continent during El Niño years, does not result in isotopic depletion attributable to the lack of condensation processes. Moreover, a decrease in the quantity of both water source during La Niña years does not result in isotopic enrichment attributable to intensive rainout. An asymmetric ENSO feature was found in this study, evidenced by the similar contributions of water source from the northern Maritime Continent and the Pacific Ocean during both ENSO phases.
dynamics is important.
The isotopic content (δ 18 O and δD) in precipitation can be used to obtain information on atmospheric processes (e.g., precipitation, temperature, and the hydrological cycle). Dansgaard (1964) reported that the isotopic composition in precipitation is correlated positively with air temperature in high latitudes and correlated negatively with precipitation amount in low latitudes, and that these two dependencies are known as the "temperature effect" and "amount effect", respectively.
Many studies have demonstrated that the enrichment and depletion of isotopic processes over the Asian monsoon region during the summer monsoon are related strongly to the warm and cold phase of ENSO, respectively (Ichiyanagi and Yamanaka 2005; Ishizaki et al. 2012; Zhu et al. 2012; Permana et al. 2016) . However, the processes through which the ENSO signal is reflected in the stable isotopes during the Asian winter monsoon over the Maritime Continent are not fully understood. One problem is that there are only limited long-term isotopic observations covering ENSO events over the Maritime Continent. A sophisticated model including the isotopic cycle is needed to elucidate the ENSO signal in isotopic variability. Fortunately, stable isotopes in precipitation have already been incorporated into the hydrological cycle of atmospheric general circulation models and provide good representations of the spatiotemporal dynamic atmospheric processes (e.g., Joussaume et al. 1984; Hoffmann et al. 1998; Mathieu et al. 2002; Lee et al. 2007) .
The objectives of this study were to examine the response of stable isotopes in precipitation to ENSO events using a simulated isotopic model and to investigate factors that control isotopic variability during the Asian winter monsoon. We used the Isotopes-incorporated Global Spectral Model (IsoGSM), which has been shown able to capture the ENSO signal over the Asian Monsoon region (Yoshimura et al. 2008) . This model has also been applied successfully to elucidate the ENSO signal during the summer season (Ishizaki et al. 2012) . The spatial distribution of water sources from a particular region was also considered to understand how water vapor from a particular region might influence the isotopic variability due to anomalies of the Walker Circulation related to ENSO. The water vapor transport from the source areas to the Maritime Continent was tracked by Color Moisture Analysis (CMA). Section 2 describes the isotopic data and analytical method used in this study. In Section 3, we present the results and a discussion. Section 4 provides the conclusions. 18 O from the JAMSTEC stations were measured using a MAT 252 mass spectrometer with 0.1 ‰ analytical precision, and values of δD were obtained using continuousflow isotope ratio mass spectrometry with 2.0 ‰ analytical precision (Kurita et al. 2009) . A calculation of weighted averages was applied to JAMSTEC , s daily samples to obtain monthly data. The JAMSTEC data are available at http://www.jamstec.go.jp/iorgc/ hcorp/data/database/index.html and the GNIP data are available at http://www-naweb.iaea.org/napc/ ih/IHS_resources_gnip.html. The locations of the stations are shown in Fig. 1 .
Data and methods

Observations
The simulated atmospheric isotope concentrations were obtained from IsoGSM, which is a spec- tral model that provides three-dimensional distributions with a resolution of approximately 180 km at 28 pressure levels. This model is integrated with the Scripps Experimental Climate Prediction Center's Global Spectral Model (GSM) (Kanamitsu et al. 2002) . The global spectral nudging technique that is applied in this model improves the simulation of the isotopes to be consistent with observed data over multiple time scales (Yoshimura et al. 2008) . The performance of IsoGSM in producing atmospheric isotopic variability data has been evaluated in several previous studies. Simulated IsoGSM data show good agreement with observed isotopic spatiotemporal variability, suggesting that the model can reproduce the dynamics of atmospheric moisture transport satisfactorily (Berkelhammer et al. 2012; Ishizaki et al. 2012; Nakamura et al. 2014; Okazaki et al. 2015) . In this study, the simulated stable isotope ratios in the precipitation data over the JAMSTEC and GNIP stations were correlated significantly with the observations (significance exceeding 95 %); the root mean square errors (RMSEs) were 1.71-2.98 ‰ for δ 18 O, while the standard deviations (σ) of the observed isotopes were 1.73-3.01 ‰. These values imply the bias of the simulated data relative to the observed data remains high. However, if the isotopic precipitation in IsoGSM correlates with the observations, the modeled physical processes that control the isotopic variation must be close to reality. The details of the observed and simulated isotopic precipitation data and their correlations are given in Table 1 . The analytic CMA model was used to trace the movement of water vapor from its source to the area of condensation (Yoshimura et al. 2004) . CMA uses an atmospheric-balance equation to calculate atmospheric water transport (Oki et al. 1995) , and the control run was found consistent with the Rayleightype Isotope Circulation model (Yoshimura et al. 2003) . These models were run using the Japanese 25-year Reanalysis Project and Japan Meteorological Agency Climate Data Assimilation System (Onogi et al. 2007 ) with a spatial resolution of 1.125° × 1.125°. These models are suitable for the analysis of water vapor dynamics over the Maritime Continent (Suwarman et al. 2013; Belgaman et al. 2016) . Both the IsoGSM and CMA were run for the period 1979-2009.
The Niño 3.4 ENSO index, defined as the monthly averaged SST over the region 5°N-5°S, 120-170°W, was provided by the Climate Prediction Center (CPC). Here the Asian winter monsoon is associated with the wet season over the major part (i.e., in the Southern Hemisphere) of the Maritime Continent (see e.g., Hamada et al. 2002) . The wet season data were averaged over the three-month period December-February.
The first method used in this study correlated ENSO, surface temperature, isotopes, and a spatiotemporal precipitation index to establish the area most sensitive to the variation of Pacific Ocean SST. The second step composited analyses of several climatological variables during La Niña and El Niño episodes to elucidate factors that control the δ 18 O variability related to ENSO. La Niña and El Niño events were defined as those years in which the standardized anomaly of Niño 3.4 exceeded ± 1 during the wet season. Based on this, it was determined that La Niña years were 1985 , 1989 , 1999 , and El Niño years were 1983 , 1987 , 1992 , and 1998 . The climatological variables used in this study were wind, water vapor flux, precipitation, evaporation, and surface temperature obtained from IsoGSM. The final step traced water vapor from its source to the Maritime Continent using CMA to estimate the contribution of each of the water sources to isotopic variation.
Results and discussion
Correlation of δ 18 O in precipitation with ENSO and precipitation amount
As mentioned above, the simulated IsoGSM isotopic content was consistent with the observed data. Thus, the physical processes in the modeled atmospheric circulation could be considered a close representation of reality. The temporal series of standardized simulated δ 18 O in the precipitation and Niño 3.4 SST and their coefficients of correlation are shown in Fig. 2 . The isotopic ratio is significantly correlated with the Niño 3.4 index at six stations but not at GAW, DPS, and JAK. Spatially, the correlation between the simulated stable isotope ratios and ENSO varies between −0.31 and 0.75 with significant correlation over most of the Maritime Continent (Fig. 3a) . There is negative correlation over the western Pacific Ocean and positive correlation over most of the Maritime Continent. This positive correlation extends to northern and eastern Australia and the northern equatorial western Pacific Ocean. Significant positive correlation extends over most of the Maritime Continent, except Java, the Java Sea, and western parts of northern Sumatra. There is positive correlation between SST and ENSO over western parts of the Maritime Continent, whereas negative correlation exists over northeastern parts (Fig. 3b) . The dipole correlation of the isotopes and ENSO pattern resembles the inverse of the correlation between Niño 3.4 and precipitation shown in Fig. 3c . This typical relationship between precipitation and ENSO is identical to the findings of Chang et al. (2004) , who used CPC Merged Analysis of Prediction rainfall data. They found low correlation between precipitation and ENSO over the Malay Peninsula, Sumatra, western Java, and western Kalimantan. It is suggested that this low correlation is due to an anomalous Walker Circulation and the barrier to westerly winds of the Sumatra orographic lift effect. Qian et al. (2010) , in their multiscale study, noted that anomalous southeasterly winds during El Niño cause a weakening of the monsoon over Java. This weakening was found to amplify the local circulation and produce more rainfall over the mountainous central parts. In contrast, during La Niña episodes, the effect of the strengthened northwesterly wind did not affect the local circulation significantly. This circumstance is reflected in the low correlation between ENSO and precipitation over Java.
The amount of effect on the variation of isotopes over the Maritime Continent can be seen as a negative correlation between the precipitation amount and δ 18 O (Fig. 3d) . As the precipitation amount significantly affects isotopic variation, it could be expected that the correlation between the stable isotopes and ENSO would show an inverse pattern to the correlation between ENSO and precipitation amount over the Maritime Continent area. Although the low and positive correlations found between the precipitation and ENSO over Java and Sumatra, respectively, could be plausible factors in explaining the low correlations between the stable isotopes and ENSO over Java and Sumatra, further analysis should be conducted to provide better understanding of this spatial variation of isotopic content. The mechanism of isotopic fractionation in the atmosphere and the origin of the water cannot be obtained solely from the amount effect. Thus, in Subsection 3.2, an analysis of the climatological variables and water sources during ENSO episodes is provided to elucidate factors that control the stable isotopes of precipitation during El Niño and La Niña events.
Climatological variables in La Niña and
El Niño years The climatological variables discussed here are wind, water vapor flux, SST, precipitation, evaporation, and the stable isotopes in the precipitation and water vapor. The water vapor flux is the integrated vapor flux vector of the zonal and meridional flux components, which can be defined as where q, u, v, , p, and p o are the zonal flux component, meridional flux component, specific humidity, zonal wind speed, meridional wind speed, gravitational acceleration, atmospheric pressure, and surface pressure, respectively. Figure 4 shows the composite of the IsoGSM wind and δ 18 O over the tropical region in normal years and its anomaly in La Niña and El Niño years. In normal years, the Walker Circulation is indicated by the trade winds that blow westward across the surface of the tropical Pacific Ocean (Fig. 4a) . Over the Maritime Continent, the wind rises into the upper levels of the atmosphere, which is a potential condition for atmospheric convection and the formation of cloud and rain. In general, the concentration of isotopes in water vapor is lighter in the upper levels of the atmosphere. In addition, it is shown that at the same altitude level, the concentration of isotopes over the Maritime Continent is lighter than over the Pacific Ocean.
During La Niña years, a strong anomalous westward wind occurs from the Pacific Ocean in the lower-level atmosphere, which transports water vapor from both the Pacific and the Indian oceans to the Maritime Continent (Fig. 4b) . It can be said that the Maritime Continent is under convergent branches of the Walker Circulation and that this process is associated with the formation of convective cloud. The intense condensation causes heavier isotopes to be fractionated and to rainout, leaving depleted vapor over the Maritime Continent. There are positive anomalies in the upper levels over the east of the region. It would seem that an enrichment process is related to the divergent circulation in this area. Previous studies have shown that ENSO leads SST variations over the Indian Ocean by surface heat flux modulation (e.g., Venzke et al. 2000; Wang et al. 2003) , which could affect the low-level wind over the Maritime Continent and the Pacific Ocean (e.g., . It is possible that the anomalous Walker Circulation, shown in Fig. 4 , is affected by the coupled interaction of the anomalous SST over the Indian and the Pacific oceans, as has been demonstrated in a previous study (e.g., Annamalai et al. 2005; Ohba and Ueda 2007) . Figure 5 shows the simulated IsoGSM isotopes
in precipitation and precipitable water during La Niña and El Niño years. During La Niña events, the isotopic ratio varies from approximately −8 ‰ to −6 ‰ in the precipitation (Fig. 5a ) and from approximately −24 ‰ to −20 ‰ in the water vapor (Fig. 5c) . The composites of anomalous IsoGSM water vapor flux and SST, precipitable water, precipitation, and evaporation anomalies in La Niña and El Niño years are shown in Fig. 6 . Figure 6a shows that La Niña is characterized by a convergent zone of water vapor flux in the eastern part of the Maritime Continent (see box indicated by dashed line in Fig. 6a ) and by a negative anomaly of SST over the tropical Pacific Ocean. Positive anomalies of precipitable water ( Fig. 6c ) and of precipitation (Fig. 6e) are shown over the eastern Maritime Continent, indicating that convective activity and condensation processes are relatively intense in eastern areas of the Maritime Continent. The evaporation process during La Niña periods shows no significant anomaly compared with the climatological average over the Maritime Continent (Fig. 6g) . However, positive anomalies can be seen over the tropical Pacific Ocean, revealing the availability of the water source for transportation to the Maritime Continent.
During El Niño episodes, a reversal of wind direction occurs in the lower-level atmosphere over the Maritime Continent, and this region is under a divergent branch of the Walker Circulation (Fig. 4c) . In El Niño years, the activity of the condensation process becomes less than the climatological average, while the warm pool of the Maritime Continent continues to provide a source of water vapor to the atmosphere through the evaporation process, which suppresses isotopic depletion. Water vapor moves eastward and the activity of the condensation process occurs over the Pacific Ocean, which results in the depletion of δ 18 O being shifted to the Pacific Ocean (Fig. 4c) . In general, the isotopic ratio is heavier by approximately 2 ‰ than in La Niña years and it varies from approximately −6 ‰ to −4 ‰ in the precipitation (Fig. 5b) and from approximately −20 ‰ to −18 ‰ in the water vapor (Fig. 5d) . Figure 6b shows that El Niño also features a divergent zone over the eastern Maritime Continent (see box indicated by dashed line in Fig. 6b ) and positive SST anomalies over the Pacific Ocean. This condition suppresses convective activity and causes drought over the Maritime Continent, as indicated by the negative anomalies of precipitable water (Fig. 6d) and precipitation (Fig.  6f) .
Several studies have investigated the mechanism of fractionation of stable isotopes in evaporation during evaporation (Merlivat and Jouzel 1979; Cappa et al. 2003) . The fractionation of isotopes is strongly dependent on temperature and occurs mainly during transportation of water through the evaporation and condensation processes. The stable isotope ratios in residual water do not change significantly when the evaporation process occurs within a high-humidity environment (Xinping et al. 2005) . Moreover, the difference of approximately four degrees Kelvin (see Figs. 6a, b) between La Niña and El Niño years does not change the factor of isotopic fractionation significantly (the isotopic fractionation factor is discussed in Subsection 3.3). Thus, Figs. 4-6 confirm that despite the lack of fractionation processes during El Niño events, the local water source enriches the isotopic content to become approximately 2 ‰ heavier than during La Niña, although there is no significant evaporation anomaly during El Niño years, as in La Niña years (see Fig.  6h ).
In general, IsoGSM reflects the dynamical processes of the atmosphere in La Niña and El Niño years and explains their effect on atmospheric isotopic variation. During La Niña events, intense convection and condensation activity causes increased isotopic fractionation, whereas in El Niño years, reduced condensation activity results in a lack of the isotopic depletion processes. Thus, during La Niña years, the concentration of isotopes in the atmosphere is lighter than during El Niño years. Figure 6 shows that the variations of the zones of divergence and condensation activity, indicated by anomalies of water vapor flux, precipitable water, and precipitation, are more sensitive to ENSO over the eastern Maritime Continent. This explains why ENSO has significant correlation with the stable isotopes in precipitation over the eastern Maritime Continent, but not over Java and parts of Sumatra.
The composite values of IsoGSM stable isotopes in precipitation and water vapor over the observational stations are correlated strongly with ENSO, as shown in Table 2 . This demonstrates the comparison of the isotopic values over the stations in response to La Niña and El Niño years, i.e., during cold episodes of ENSO, depletion processes are more intense than during warm episodes.
Water sources during La Niña and El Niño years
Using the CMA model, four regions were selected as tagged water source regions (Fig. 1) : the Indian Ocean (IO), North Maritime Continent Sea (NM), South Maritime Continent Sea (SM), and the Pacific Ocean (PO). These areas were selected to estimate the differences in the contributions of these water vapor sources to the precipitable water through zonal and meridional motions due to anomalies of the Walker Circulation. Figure 7 shows the spatial distribution of these water sources over the Maritime Continent, and the details of the different contributions (> 10 % of all water source) to the stations of each water vapor source are shown in Table 2 . However, further analysis is needed to elucidate their effect on isotopic variation. Isotopic fractionation can be explained not only by the precipitation amount but also by the rainout history of water vapor from its source. Thus, analyses of the condensation processes from the source areas to the stations and of their influence on isotopic variability are considered. The condensation process can be analyzed by Rayleigh's distillation ratio, which is defined as: where R is the isotopic water source just before precipitation, Ro is the initial isotopic water source from the source region, and α is the fractionation factor. The values of Ro and α were set as −9.4 ‰ and 1.0094, respectively, according to Yoshimura et al. (2004) . The value of Ro is based on the assumption that isotopically uniform and limitless seawater is assumed to supply uniform −9.4 ‰ evaporation vapor by equilibrium fractionation at 25 °C with α = 1.0094 (Majoube 1971) . The value of ratio f lies between 0 and 1, and it is close to 1 when there is no condensation or when rainout processes are low during transport. The values of the Rayleigh distillation ratio are given in Table 3 . In general, the values of the distillation ratio during El Niño are higher than during La Niña. This indicates that it is more difficult to condense water vapor during El Niño, despite the amounts of available precipitable water from the NM and SM being higher. Thus, rainout process history is another factor that affects the isotopic ratio. Table 3 also shows that the distillation ratio reduces with distance between the water source and stations, which implies that distance affects the variation of isotope content. Significant spatial differences in the contributions of the water sources between La Niña and El Niño years were found for the IO. Water from the IO source enters the region of the western Maritime Continent, Sumatra, and Java during La Niña years (Fig. 7a) ; however, it has less contribution during El Niño years (Fig. 7b) . However, this difference is less significant for the NM, SM, and PO sources (Figs.  7c-h ). In addition, the NM and SM water sources contribute slightly more in El Niño years than La Niña years. This is related to anomalous zonal winds entering the region because of shifts in the area of convection. Table 2 shows that the contribution of the IO water source is significantly higher during La Niña than during El Niño at JMB and MKS. This is related to the anomalous westerly wind, which increases the amount of water from this source over the western Maritime Continent, Sumatra, and southern parts of Indonesia during La Niña years (Fig. 7a) , but reduces its contribution during El Niño years (Fig. 7b) . The contribution of this water source during La Niña is 37 % and 22 % for JMB and MKS, respectively; however, it is < 10 % during El Niño years. The difference in isotopic water vapor between La Niña and El Niño from the IO source is 2.20 ‰ and 5.09 ‰ for JMB and MKS, respectively, where in El Niño years the isotopic water vapor is lighter than in La Niña years. Conversely, the isotopic water vapor from the other sources during La Niña is lighter than during El Niño. The absence of water from the IO source during El Niño years produces the approximate 2 ‰ difference in isotopic precipitation between La Niña and El Niño at both stations, suggesting that the presence of IO water source in significant amounts during La Niña has a major influence on isotopic depletion because of the Table 3 . Water source originating from the NM is more abundant during El Niño over most of Sumatra (Fig.  7d) , whereas it is deficient over southern Indonesia during La Niña (Fig. 7c ). An abundance of water from the NM source during El Niño years is found at stations JMB, MND, and MKS (Table 2 ). The contributions of water source vary between 39 % and 77 % during El Niño years and between 29% and 68 % during La Niña events. The differences in isotopic water vapor between La Niña and El Niño from the NM source vary between 2.10 ‰ and 2.97 ‰, where in La Niña years the isotopic water vapor is lighter than in El Niño years. The differences in isotopic precipitation at these three stations vary between 2.00 ‰ and 2.50 ‰. The presence of NM water during El Niño is accompanied by a higher distillation ratio compared with La Niña years. This corresponds to the existence of a divergent branch of the Walker Circulation over the Maritime Continent. Weakening of the Walker Circulation is a favorable condition for allowing meridional streamflows into the tropical region, and thus, the NM water source contributes a greater amount of precipitable water during El Niño years. However, isotopic fractionation is diminished because of the reduced condensation process (high value of the distillation ratio).
Differences in the spatial distribution of water source from the SM are found between the western and eastern parts of the southern Maritime Continent. During El Niño years (Fig. 7f) , the SM water source contributes more than during La Niña episodes (Fig. 7e) . However, the composite values of the amount of water source from the SM at DAR and MKS are not significantly different between La Niña and El Niño years (contribution from the SM is approximately 78-74 % at DAR and 42-46 % at MKS). This is similar to the case for water vapor from the PO source at PLL and MND (contribution from the PO is approximately 32-36 % at PLL and 21-22 % at MND) (Figs. 7g, h) . The difference in isotopic water vapor between La Niña and El Niño from the SM is 0.64 ‰ and 2.11 ‰ for MKS and DAR, respectively, while the difference from the PO is 3.81 ‰ and 5.45 ‰ for PLL and MND, respectively, where in La Niña years the isotopic water vapor is lighter than in El Niño. Similar to the NM source, the condensation history influences the isotopic variation because of the diminished condensation processes. This suggests that the local water source contributes to the enrichment of the isotopic content.
It should be noted that the differences in the contributions of the NM and PO sources during ENSO phases (anomaly of El Niño-anomaly of La Niña) can be seen as a negative (approximately −2 mm day −1 ) area over the northwestern Maritime Continent and western Pacific Ocean (figures not shown). The asymmetric component (anomaly of El Niño + anomaly of La Niña) is characterized by a negative area of NM over the Maritime Continent and alternately negative and positive areas over the western Pacific Ocean (figures not shown). Previous studies have found asymmetry in the atmospheric circulation over the western Pacific Ocean between El Niño and La Niña years that is related to the nonlinear response of convection (Hoerling et al. 1997; Ohba and Ueda 2009; Wu et al. 2010) . This is also related to the appearance of the anomalous easterly wind in both ENSO phases over the northeastern Maritime Continent and the local response of anomalous SST, as shown in Figs. 3a and 3b . This could be because the amounts of water at PLL and MND that originate from the NM and PO sources are relatively similar (see Table 2 ). The factor controlling the depletion (enrichment) of the isotopic content during La Niña (El Niño) years is the enhanced (weakened) activity of the rainout processes (Table  3) .
Conclusions
The IsoGSM was used to simulate atmospheric stable isotope ratios, which were verified by observations from eight stations over the Maritime Continent. The variations in the simulated stable isotope ratios were consistent with the observed data and they were used to identify the influence of ENSO on the isotopic interannual variation during the Asian winter monsoon. The results revealed areas of significant and insignificant correlation between the isotopic content in precipitation and ENSO. Areas with significant positive correlation between δ 18 O and Niño 3.4 were found over eastern parts of the Maritime Continent, whereas areas with insignificant correlation were located over Java and part of Sumatra. The responses of the wind stream, precipitable water, and precipitation over the Maritime Continent to SST variation in the eastern Pacific Ocean affect the isotopic fractionation processes.
We proposed several plausible factors that might control the ENSO-related isotopic variations over the Maritime Continent. Figure 8 shows a schematic of factors that control the variability of atmospheric stable isotopes as a response to ENSO. In general, the depletion and enrichment of stable isotopes correspond to the appearance of zones of convergence and divergence over the Maritime Continent during La Niña and El Niño, respectively.
During La Niña years, evaporated water is derived from the Indian and Pacific oceans because of the strengthened Walker Circulation (Fig. 8a) . Although the contribution over the Maritime Continent of water sourced from the Pacific Ocean is not as significant as that sourced from the Indian Ocean, water from both sources becomes more abundant in response to the strengthened zonal motion. The CMA model shows that during La Niña years, water vapor from the Indian Ocean spreads across the Maritime Continent to around Sumatra and Java; something that is not seen during El Niño years. The amount of water source originating from the North and South Maritime Sea and transported over the tropical Maritime Continent during La Niña years is smaller than during El Niño events. This is because strengthening of the zonal stream prevents water vapor from these sources entering the tropical area. However, the intensity of the condensation processes of all these water sources results in isotopic depletion in the atmosphere over the Maritime Continent.
The opposite case occurs during El Niño years. In general, the weakening of the Walker Circulation drives winds into the Pacific and Indian oceans, reducing the contributions of water vapor from these two sources (Fig. 8b) . The reversal of the wind stream prevents water vapor from the Indian Ocean spreading to Sumatra and Java. However, the quantity of water source from the North and South Maritime Sea is higher than during La Niña years, because weakening of the zonal motion allows water vapor from these source areas to spread into the tropical Maritime Continent. The calculation of the distillation ratio revealed that the rainout history of water vapor from these areas is reduced such that the concentration of isotopes is enriched compared with La Niña years. This implies that the isotopic content in the atmosphere is enriched by the local water source.
The schematic in Fig. 8 also confirms the findings of previous studies relating to the asymmetry of the atmospheric circulation anomalies over the Western Pacific in response to ENSO (Wu et al. 2010; Ohba and Ueda 2009) . This is reflected in the relatively similar quantities of water vapor from the NM and PO sources in relation to the El Niño and La Niña episodes, as illustrated by the similarity of the arrow vectors of the PO and NM. The differences in the isotopic ratios between both ENSO episodes are caused by the intensity of the rainout history and the distance between the water vapor sources and condensation sites.
Incorporating stable isotopes into atmospheric general circulation and analytical moisture transport models is useful for understanding the atmospheric water vapor process. This study used these models to elucidate water transport as a response to ENSO phases and establish the contributions of the various sources to the water vapor over the Maritime Continent. Opportunities for further study remain. For instance, the effects of the nonlinearity of convection and cyclonic circulation in the NM to the contributions to the water vapor are potential topics for future study. It has been suggested that the NM region should be separated into the South China Sea and northwestern Pacific Ocean to obtain more detail in the analysis. Furthermore, the isotopic signal could be used to evaluate the performance of the models used in this study in reproducing the atmospheric circulation. This would require the acquisition of high-resolution isotopic observations in order to improve the isotopic simulation in describing the atmospheric water cycle and its dynamical processes.
